PURPOSE. We aimed to establish whether the change in retinal microvascular structure observed cross-sectionally with axial elongation and larger corneal curvature is comparable from early childhood to adolescence.
RESULTS.
After multivariable adjustment, in children 36 to <72 months of age, each 1.0-mm increase in axial length was associated with a 3.67-and 6.53-lm narrowing of mean retinal arteriolar caliber (P ¼ 0.005) and venular caliber (P < 0.0001), respectively. Each 1.0-mm increase in axial length in children 6, 12, and 17 years of age was associated with a 5.30-, 3.96-, and 4.03-lm decrease in mean retinal arteriolar caliber, respectively. Each 1.0-mm increase in axial length in children 6, 12, and 17 years of age was associated with a 7.12-, 6.72-, and 6.85-lm decrease in retinal venular caliber, respectively. Corneal curvature was inversely associated with retinal vascular caliber among all age groups (P < 0.001). Among those without significant refractive error (>0.00 and <2.00 diopters), significant inverse associations were observed between axial length and corneal curvature with retinal vessel caliber among all age groups.
CONCLUSIONS.
We demonstrate a similar magnitude of retinal vessel narrowing with axial length elongation and increasing corneal curvature from childhood through to adolescence. These data confirm the robustness of the associations between ocular biometric traits and retinal microvascular structural changes during childhood development. (Invest Ophthalmol Vis Sci. 2013;54:1501-1508) DOI:10.1167/iovs. T he study of the retinal microvasculature has increased in importance since recent reports have demonstrated independent associations between the caliber of retinal arterioles and venules with both ocular and systemic diseases. [1] [2] [3] Moreover, there remains scope for the development of retinal vessel caliber measurements as biomarkers for future vascular disease risk assessment in targeted areas and patient subgroups (e.g., patients with diabetes, suspected hypertension, and stroke). 4 It has been hypothesized that a putative association of myopic refraction and longer axial length with retinal vascular caliber could reflect processes fundamental to the pathophysiologic characteristics of myopia. [5] [6] [7] Currently, data on the relationship between axial length and retinal vascular caliber have been mainly provided by adults studies, [7] [8] [9] with only two childhood studies 5, 10 to have assessed this relationship. 5, [7] [8] [9] [10] Specifically, two Singaporean studies of young children 48 to 72 months of age (n ¼ 469) 10 and 7 to 9 years of age (n ¼ 767) 5 have shown that elongated axial length is associated with narrower retinal arteriolar and venular caliber. Likewise, adult studies have shown a significant narrowing of both retinal arteriolar and venular caliber with increasing axial length. [7] [8] [9] However, among the three studies of adults and children that took into account ocular magnification, 5, 8, 9 only Lim et al. 8 showed that this association still persisted. To date, no studies involving Caucasian children and/or adolescents have assessed this association. Adolescents are both an optimal and important population to study because young children, whose eyes are undergoing rapid growth, may not reflect relationships observed in adults eyes. Further, unlike the eyes of older adults, adolescent eyes are still relatively healthy and free from disease processes such as diabetes, 1 which could influence the retinal microvascular structure.
In this study, we aimed to assess the cross-sectional relationship between ocular biometry with retinal vascular caliber in multiple samples, including preschool-to high school-aged children, using data from the Sydney Paediatric Eye Study (SPEDS) of children 36 to <72 months of age, and the Sydney Childhood Eye Study (SCES) of children 6, 12, and 17 years of age. In particular, we aimed to establish whether the magnitude and pattern of change in retinal microvascular structure associated with axial elongation and greater corneal curvature, observed cross-sectionally, is comparable between early childhood through to adolescence in a racially heterogeneous community-based study sample.
METHODS

Study Population
This report uses data collected from a cross-sectional study (SPEDS) and a longitudinal study (SCES). SPEDS is a population-based study that was conducted during 2007-2009 and recruited children between the ages of 6 and 72 months (n ¼ 3333) via door-to-door census in four randomly selected postcodes in metropolitan Sydney, Australia. A total of 2461 children were examined (73.8% response rate; Fig. 1 ). This report focused on children 36 to <72 months of age, due to the difficulty encountered obtaining retinal photographs from a large proportion of children < 36 months of age. Written informed consent was obtained from parents and all examination protocols were approved by the University of Sydney Human Research Ethics committee and adhered to tenets of the Declaration of Helsinki.
SCES is a population-based survey of eye conditions and other health outcomes in school children living within the Sydney Metropolitan Area, Australia. Study methods have been previously described. 11 Briefly, year 1 students from a stratified random cluster sample of 34 primary schools across Sydney (6-7 years of age, hereafter referred to as the 6-year-old cohort) were eligible to participate. Data for the 6-year-old cohort were collected during [2003] [2004] (Fig. 2) . Also, students in a stratified random cluster sample of 21 high schools across Sydney (attending School Year 7) were eligible to participate. Data for the 12-year-old cohort (12-13 years of age) were collected during [2004] [2005] (Fig. 2) . Of the baseline participants 12 years of age, 1216 (51.7%) were resurveyed 5 years later (during 2009-2011), and are here referred to as the 17-year-old cohort (includes children 16-19 years of age; Fig. 2 ). Only cross-sectional analyses of the 12-and 17-year-old cohorts were performed in the present study. Stratification used socioeconomic status data from the Australian Bureau of Statistics, and the study was approved by the Human Research Ethics Committee, University of Sydney, the Department of Education and Training, and the Catholic Education Office, New South Wales, Australia. 11 We obtained informed written consent from at least one parent of each child, and verbal assent from each child before the survey.
Retinal Photography and Analysis
In SPEDS and SCES, following pupil dilation, multiple digital retinal photographs of the macula and optic disc were obtained for both eyes (Canon 608 Mydriatic Fundus Camera, model CF-60 Uvi; Canon Inc., Tokyo, Japan). The methods used in both studies to measure retinal vessel caliber have been described previously. 7, 10 Briefly, a computer imaging analysis program (IVAN; University of Wisconsin-Madison, Madison, WI) was used to measure the caliber of all retinal vessels within 0.5 to 1.0 disc diameter from the optic disc. The grader would choose the photo to be graded based on the sharpness of the image and disc placement. Average retinal arteriolar and venular calibers in SPEDS and SCES were calculated using the Knudtson-Hubbard formula. 12 In this study, retinal vascular caliber measurements for the right eye of each child were used. Left eye measurements were used only if the photograph of the right eye was ungradable, given that high correlation between the two eyes has been reported previously. 13 Masked grading of all the photos from both SPEDS and SCES were conducted in one center by multiple graders. 12 Intergrader reliability was high with Pearson correlation coefficients for arteriolar caliber between 0.84 and 0.91 and between 0.87 and 0.93 for venular caliber. In SCES, 50 random retinal images were remeasured 2 weeks apart. Intraclass correlation coefficients were consistently >0.85 for arteriolar caliber and were >0.97 for venular caliber, which indicates good to excellent intragrader reproducibility. 14 
Autorefraction and Ocular Biometry
In SPEDS, the table-mounted autorefractor (Canon RK-F1; Canon Inc.) was attempted on all children ‡ 30 months of age after cycloplegia (with pupil diameter ‡ 6 mm, not reactive or constricting to light). In SPEDS and SCES, axial length and corneal curvature were measured before cycloplegia with an optical biometer (IOLMaster; Carl Zeiss Meditec, Oberkochen, Germany), using dual-beam partial coherence interferometry. 15 The average of five measurements was used for analyses. Iris color was assessed from the undilated pupil of each eye and graded by the observer as blue, hazel-green, tan-brown, or dark brown. Spherical equivalent refraction was calculated as the sum of spherical power plus ½ cylindrical power. 16 
Assessment of Covariates
In SPEDS, two questionnaires (113-item and 63-item) were completed by the parents of the children in the study. In SCES, parents were asked to complete a comprehensive 193-item questionnaire. Questions from both SPEDS (obtained from the 63-item questionnaire) and SCES covered sociodemographic information including ethnicity, country of birth, education, occupation, and parental age. The parents of all Australian children are provided with a health record booklet at birth (''Blue book'') in which health professionals accurately record birth variables, specifically birth weight, birth length, head circumference, gestational age, and mode of delivery. We asked parents to extract this information from their child's health record booklet, as reported elsewhere (in SPEDS this was asked in the 113-item questionnaire). 11, 17, 18 The distribution of birth weight in the present sample agrees well with published Australian figures for this cohort. 19 Height was measured with children standing, without shoes. Weight in kilograms was measured using a standard portable weighing machine calibrated before and during the study. Body mass index (BMI) was calculated as weight divided by the height squared (kg/m 2 ).
In both SPEDS and SCES, after 5 minutes resting, systolic and diastolic blood pressures (BPs) and heart rate were measured with a digital automatic BP monitor (Intellisense, model HEM-907; Omron Healthcare, Lake Forest, IL) in a seated position. An average of two readings in SPEDS and three readings in SCES were used for data analyses. We used a cuff appropriate to the size of the child's upper right arm and followed general recommendations on selecting cuff size to ensure that the bladder length was approximately 80% and width was ‡40% of the arm circumference, and covered the upper arm but did not obscure the antecubital fossa. 20, 21 BP and BMI were measured on school premises for the SCES and at the site of a study clinic for the SPEDS.
Statistical Analyses
Statistical analyses were performed using a commercial software program (SAS v9.2; SAS Institute, Cary, NC). Retinal vascular caliber was the dependent variable and axial length and corneal curvature were the independent variables. Within each cross-sectional cohort, multiple linear regression models were used to analyze a possible linear relationship between axial length and corneal curvature (i.e., per unit increase) with retinal vessel diameter. We first adjusted for age and sex, and then further adjusted for ethnicity, birth weight, BMI, and systolic BP. We also conducted supplementary analyses, by analyzing data from children without significant refractive error (defined as spherical equivalent refraction > 0.00 and <2.00 diopters [D] ) to evaluate if magnification had an effect on the relationship between retinal vessel caliber, axial length, and corneal curvature. 16 Table 1 shows the study characteristics of children/adolescents from SPEDS and SCES included for analyses. Among 3 to <6-, 6-, 12-, and 17-year-old children 53%, 63%, 60%, and 64% were Caucasian, respectively. Mean BMI (SD) in 3 to <6-, 6-, 12-, and 17-year-old children was: 16.0 (1. 
RESULTS
Association between Axial Length and Retinal Vascular Caliber
For the current analyses, we included 379 children between 36 and <72 months of age (35% of participants examined in SPEDS; Fig. 1 ). After multivariable adjustment, each unit (1-mm) increase in axial length was associated with 3.67-and 6.53-lm narrowing of retinal arteriolar caliber (P ¼ 0.005) and venular caliber (P < 0.0001), respectively ( Table 2 ).
In the 6-year-old cohort, 1634 were included for analyses (Fig.  2) . Table 2 shows that each 1.0-mm increase in axial length was associated with a 5.30-and 7.12-lm narrowing of retinal arteriolar caliber (P < 0.0001) and venular caliber (P < 0.0001), respectively. In the 12-year-old sample, 2300 had quality retinal photographs and data on axial length and corneal curvature (Fig.  2) . In this sample, each 1.0-mm increase in axial length was associated with a 3.96-and 6.72-lm narrowing of retinal arteriolar caliber (P < 0.0001) and venular caliber (P < 0.0001), respectively.
Finally, there were 987 from the 17-year-old cohort included for analyses (Fig. 2) . In this age group, after multivariable adjustment, each 1.0-mm increase in axial length was associated with a 4.03-and 6.85-lm narrowing of retinal arteriolar caliber (P < 0.0001) and venular caliber (P < 0.0001), respectively ( Table 2) .
Association between Corneal Curvature and Retinal Vascular Caliber
After multivariable adjustment, in the preschool-aged children, each 1.0-mm increase in corneal curvature was associated with a 14.53-and 14.29-lm narrowing of retinal arteriolar caliber (P Data are presented as mean (SD) or proportions, n (%). * Children from the SPEDS study. † Children from the SCES study. < 0.0001) and venular caliber (P ¼ 0.0004), respectively (Table  3 ). In children 6, 12, and 17 years of age, each unit increase in corneal curvature was associated with a 10.08-, 9.32-, and 6.77-lm narrowing of retinal arteriolar narrowing (all values of P < 0.0001), respectively. Similarly, each 1.0-mm increase in corneal curvature in children 6, 12, and 17 years of age was associated with a 14.36-, 12.92-, and 11.84-lm narrowing of retinal venular narrowing (all values of P < 0.0001), respectively (Table 3) . Correlation coefficients between axial length and corneal curvature among 3 to <6, 6-, 12-, and 17-year-old children were: 0.69, 0.73, 0.59, and 0.59, respectively (Table 4) . Correlation coefficients for axial length and corneal curvature and for retinal arteriolar and venular caliber were significantly larger in the 6-year-old group compared with the 17-year-old group. Given the high correlation between axial length and corneal curvature, we performed supplementary analyses, in which both corneal curvature and axial length were included in the multivariable model. In relation to retinal venular caliber, only axial length remained significantly associated among all age groups (data not shown). Among, 3-, <6-, and 12-year-old children, both axial length and corneal curvature were significantly associated with retinal arteriolar caliber. However, in all other age groups only axial length (and not corneal curvature) was significantly associated with retinal arteriolar caliber (data not shown). Because there was some evidence of collinearity in these models, we have chosen not to adjust for both axial length and corneal curvature in the final, parsimonious model; that is, the primary model used for all analyses includes only the following covariates: age, sex, ethnicity, birth weight, BMI, and systolic BP.
Association between Ocular Biometry and Retinal Vascular Caliber Stratified by Ethnicity
We also examined the association between axial length and corneal curvature with retinal vascular caliber in Caucasian and East Asian children separately (Table 5 ). In preschool-aged children, significant inverse associations between ocular biometry and retinal vascular caliber were observed only in Caucasian children, but not in East Asian children. However, among all other age groups, similar associations were observed in both ethnic groups (Table 5) .
Association between Ocular Biometry and Retinal Vascular Caliber among Those without Significant Refractive Error
To minimize the impact of ocular magnification on the observed associations between axial length and corneal curvature with retinal vessel caliber, we reanalyzed the associations among children without significant refractive error (Table 6 ). Significant inverse associations were observed between each 1.0-mm increase in axial length and corneal curvature with retinal arteriolar and venular caliber in children of all age groups (Table 6) .
DISCUSSION
This unique study examined the association between axial length and corneal curvature with retinal vascular caliber from early childhood to adolescence, after adjusting for a range of potential confounders such as age, sex, ethnicity, iris color, BMI, and BP. A significant narrowing of both retinal arteriolar and venular caliber was observed with axial elongation and greater corneal curvature. These relationships remained among those without significant refractive error.
A similar pattern and magnitude of retinal arteriolar narrowing with axial length elongation were observed from the preschool through to the high school years; that is, a decrease of between 3.7 and 4.0 lm in retinal arteriolar caliber was observed. Likewise, a significant decrease in retinal venule calibers was observed with longer axial length. These concur with published findings of two prior Singaporean childhood studies that reported a narrowing of 3.2 and 3.5 lm in retinal arteriolar diameter with increasing axial length, respectively. 5, 10 Similarly, these childhood studies reported a narrowing of retinal venular caliber with axial elongation within the range of 5.6 and 4.6 lm. 5, 10 The pattern and magnitude of the association between corneal curvature and retinal vascular structural changes were also consistent from early childhood through to adolescence. A significant narrowing of retinal arterioles and venules was observed with greater corneal curvature during early and middle childhood, and adolescence. A study of Singaporean Chinese preschoolers 10 observed an association between corneal curvature and retinal venular caliber, but not with arteriolar caliber. 10 Previously, we had shown that refractive error ‡ 2.00 D contributes to variation in measurements in retinal vessels in children. 16 Refractive error and axial length may affect the magnification and apparent dimensions of retinal structures on fundus photography. 5 In the Blue Mountains Eye Study, retinal vessel diameter was observed to be smaller in adults with myopic compared with hyperopic refraction. 9 Also, in the Beaver Dam Eye Study of older adults, myopic refraction was found to be associated with smaller retinal vascular caliber. 7 Thus, we reanalyzed associations between ocular biometry and retinal vascular caliber among children without significant refractive error. We observed that significant, inverse linear associations between axial length and corneal curvature with retinal vascular caliber measures still persisted in children without significant refractive error. This contrasts with the findings of a Singapore childhood study, 5 which showed that the association between axial length and retinal vascular caliber did not persist after correcting for ocular magnification. However, we caution that if the impact of magnification error on retinal vessel measures is continuous, these analyses might still not distinguish between the true impacts of axial length and magnification error on retinal vessel diameter.
Because the association between axial length and corneal curvature with retinal vascular caliber persisted in children without significant refractive error, alternate mechanisms other than magnification effects are likely to be involved. Previous studies that have shown a decrease in ocular pulse and retinal blood flow with increasing myopia [22] [23] [24] support a direct biological relation between longer axial length and narrower retinal vascular caliber. 8 Moreover, increased axial elongation in myopic eyes could lead to mechanical stretching and thinning of the choroid and retinal pigment epithelium. 10, [25] [26] [27] [28] Thus, this pathologic increase in ocular dimensions could result in stretching and elongation of the retinal vasculature, leading to a concomitant reduction in the width of retinal arterioles and venules. 10 Our findings could thus help understand important clinical observations. For instance, it was shown that myopic eyes are less likely to have diabetic retinopathy, possibly due to reduced blood flow, which may mitigate proliferation of the disease. [29] [30] [31] In contrast, longer axial length and reduced ocular blood flow could be contributing factors to damage in glaucomatous eyes. 8, 32 The underlying mechanisms for the association between greater corneal curvature and narrowing of the retinal vessels, however, are less clear. Corneal curvature might share the same viscoelastic properties of lamina cribrosa as central corneal thickness (CCT). 33 Larger corneal curvature might share the same mechanism as that of the thinner CCT, which is related to a thinner lamina cribrosa and the reduced mechanical support for blood vessel passing through would in turn result in the compression of retinal vessel walls. 10, 33 It is possible that the observed association between corneal curvature and retinal vascular caliber could be due to axial length and corneal curvature being interrelated. Further studies are warranted to delineate the pathophysiologic pathways that mediate the inverse relationship between corneal curvature and retinal vascular caliber.
Given that all population-based data on the association between ocular biometry and retinal vascular structural changes to date have been provided by Asian childhood studies, 5, 10 we aimed to establish whether axial length and corneal curvature are related to retinal vascular caliber in Caucasian children and adolescents. We found that the effect of axial length and corneal curvature on retinal vascular structure was similar in Caucasian and East Asian children 6 years of age and older, which suggests that ethnicity does not modify the association between ocular biometry and retinal vessel calibers. However, in children 6 years of age and younger, associations between ocular biometry and retinal vascular caliber were present only in Caucasian and not in East Asian children. We speculate that this is likely due to the small number of East Asian children with gradable photographs in SPEDS (n ¼ 67).
Strengths of our study include its relatively large, racially heterogeneous sample of children and adolescents, high reproducibility in retinal vessel measures, standardized assessment of ocular biometry, and the availability of detailed information on a large number of potential confounders. Study limitations also deserve discussion. We cannot rule out the possibility of residual confounding from unmeasured or unknown factors, which could have influenced observed associations. Second, the possibility of selection bias cannot be disregarded, given that subsets of children without quality retinal photographs were excluded from analyses in this study. Finally, this report presents only cross-sectional data; we are unable to provide longitudinal comparisons of retinal vessel caliber measures from 12 to 17 years of age, because the cameras used to obtain digital retinal photographs at baseline and follow-up in the SCES had differing magnification, and currently there is no correction factor available to account for this magnification difference.
In conclusion, this racially heterogeneous study sample showed a consistent pattern and magnitude of retinal arteriolar and venular caliber narrowing with axial elongation and greater corneal curvature, from early childhood through to adolescence, and among children without significant refractive error. Our data provide a better understanding of how changes to ocular biometric traits are related to changes in retinal microvascular structure during childhood and adolescence.
